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Abstract

A first-generation porcine oligonucleotide set, representing 13,297 cDNAs and ESTs, has been designed by Qiagen–Operon for

transcriptional profiling. To validate this set, microarrays containing each 70-mer oligonucleotide, referred to as the Qiagen–NRSP8 array, were

hybridized with targets from porcine adult liver, lung, muscle, or small intestine. Transcriptome analyses showed that 11,328 of the

oligonucleotides demonstrated expression in at least one tissue. Statistical analyses revealed that 1810 genes showed differential expression

among tissues (Bonferroni adjusted p < 0.05). Biological pathways identified by DAVID/EASE analysis using a list of 423 tissue-selective genes

matched archetypal pathways in the corresponding human or mouse tissue. Real-time quantitative PCR confirmed expression patterns for 9 of 11

genes tested. Our results demonstrate that this first-generation porcine oligonucleotide array is informative and the specificity is high. This is

essential validation for investigators using the Qiagen–NRSP8 array for porcine functional genomics and for using the pig in modeling

important physiological problems.
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Since the first description of high-density DNA micro-

arrays in 1995 [1], DNA microarrays have been widely used

in genomics research for those organisms with sufficient

genomic resources. The long oligonucleotide microarray,

which is composed of gene-specific oligonucleotides of 40–

70 nt in length spotted on glass slides, has become a powerful

tool for globally detecting differential gene expression.

However, the specificity of the oligonucleotides on the array

is crucial. A useful oligonucleotide should have low cross-

hybridization to other transcripts and should hybridize

efficiently so that the set is able to detect expression levels
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of many genes in the target. There are a large number of

genes that have tissue-specific or tissue-selective expression

[2]; thus using targets independently synthesized from

different tissues to hybridize with candidate oligonucleotide

sets is a good way to test the quality of the oligonucleotide

array platform.

Different breeds or types of pigs have been widely used as

biomedical research models for many years. The pig’s organ

sizes and its anatomy and physiology make it an ideal

comparative human model for normal physiology as well as

disease research [3,4]. For example, functional studies of the

lung showed the pig is a good model for human asthma

disease [5,6]. Porcine liver function is metabolically similar to

that of humans and can be used for liver disease and transplant

studies [3]. Further, pigs are omnivores and the physiology of

porcine digestion is similar to that of humans, making pigs a

good model for studying the human digestive system and

obesity [4,7]. As well, significant efforts are under way to
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Fig. 1. Gene Ontology (GO) molecular function classification of the Qiagen

13K oligonucleotide set. Numbers in parentheses indicate the exact number of

oligonucleotides assigned to each molecular function GO term across the

AROS set, as annotated by GeneSpring analysis.
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modify pigs genetically so that pig tissues such as kidney,

islets, liver, intestine, or lung may be used for human organ

transplantation [8–10]. Understanding the expression and

regulation of genes in physiologically relevant pathways

extant in pig organs is very important in the above research

areas. However, up to now, there have been only a few reports

on transcriptional profiling in pig biology. We have developed

arrays to study muscle biology and embryo development

[11,12], while others have used human arrays with porcine

targets [13,14] or tissue-specific custom porcine cDNA arrays

[14–18]. None of these studies involved the use of long

oligonucleotide arrays.

To develop broadly useful tools in porcine functional

genomics, Qiagen–Operon and the USDA-NRSP-8 Swine

Genome community collaborated to develop a novel 13,297-

oligonucleotide set [19]. The Qiagen oligonucleotide set

represents porcine cDNAs and ESTs, designed from The

Institute of Genome Research (TIGR) Tentative Consensus

cDNA sequences. Neither the utility nor the specificity of

these elements has been experimentally validated. To develop

information on the utility of the array, referred to as the

Qiagen–NRSP8 array, hybridization tests of glass microarray

slides containing these oligonucleotides were conducted by

using target from four adult tissues (liver, lung, muscle, and

small intestine) from six pigs (24 tissue samples).

Results

GO annotation of the Qiagen oligonucleotide set

The Qiagen oligonucleotide set was designed primarily

from TIGR tentative consensus (TC) sequences (Porcine Gene

Index, version 5.0, October 2002) with structural similarity to

human sequences confirmed through BLAST analyses with the

entire porcine TC as query. To assess the current state of

orthology for this set, we used two methods. Initially, we

developed Perl scripts to extract the TIGR GO term annota-

tions for the TCs that contained oligonucleotides in the set,

queried the GO database (http://www.godatabase.org) to

determine the global categories to which these specific terms

are assigned, and then sorted the terms to enumerate the

number of oligonucleotides in each major GO annotation.

However, this resulted in only 3973 annotations across the

entire set; these annotations are available in the online

Su pplem entar y data . To atte mpt to imp rove the level of

annotation, we used recently completed BLAST analyses

available from Qiagen. Initially, we found there are 12,303

current TIGR TC sequences to which the Qiagen oligonucleo-

tides now match; i.e., there are 994 oligonucleotides that match

2 (or more) TCs (7.5% redundant). By using a minimum

criterion of 75% similarity over 100 bp to human or mouse

sequence in BLAST analyses with these 12,303 TCs, we found

11,349 hits to human or mouse RefSeq or pig annotated gene

NCBI accession numbers (e.g., there are 8356 unique human

RefSeq top hits, 7350 unique mouse RefSeq top hits, and 1249

unique pig known gene top hits). For a limited number of

oligonucleotides, their corresponding TC matched the same
human or mouse RefSeq or pig known gene as other oligo-

nucleotides. If we remove these redundancies there are 8541

unique human or mouse RefSeq or pig annotated gene NCBI

accession numbers. We then used these RefSeq accession

numbers to annotate the oligonucleotides by using the ‘‘Build

Simplified Ontology’’ option in GeneSpring 6.1. Thus, 6244

oligonucleotides were assigned GO terms. A summary of the

molecular function GO annotation for the AROS (Array Ready

Oligo Set), as annotated by GeneSpring, is shown in Fig. 1.

The sequence information of all oligos, corresponding human

RefSeq IDs, and complete GO annotations are presented in

Supplementary Table 1.

Utility of the array—number of genes expressed in tissues

Obtaining information on the number of genes present on

the array that are expressed in different tissues can help to

evaluate the utility of the array in studying biological

questions based on different cell/organ types. To declare a

gene expressed in one or more of the tissues tested (liver,

lung, skeletal muscle, or small intestine), we used gene-

specific mixed linear model analyses to identify genes whose

signal intensities were significantly greater than threefold

above the median signal of Arabidopsis gene oligonucleo-

tides included on the array as negative controls. When

controlling the false discovery rate separately for each tissue

at 0.01, the number of oligonucleotides exhibiting signal

significantly greater than threefold above the median of the

Arabidopsis negative controls was 8682 in liver, 8358 in

muscle, 10,328 in small intestine, and 10,556 in lung.

Cumulatively, there were 11,328 oligonucleotides with signal

indicating gene expression in at least one of the four tissues;

among these, 7290 indicated expression in every tissue.

Based on these results, we would expect the array to be

useful for studying gene expression in many different types

of tissues.
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Specificity of the array—identification of genes with

tissue-selective expression

In addition to identifying genes expressed in one or more

tissues, we used mixed linear model analyses to identify genes

that were differentially expressed across tissues. Determining

the tissue-specific gene expression detected by these oligonu-

cleotides can help to evaluate their specificity. All four tissues

were collected from each of six adults pigs, of which three

were 15 weeks of age and three were 17 weeks of age. Thus

each gene-specific mixed linear model included fixed effects

for tissue, age, and age-by-tissue interaction. The terms

involving age were not significant. Thus all our subsequent

analyses focused on expression differences among the tissues,

averaging over varying animal age. Mixed model analysis of

the data across the tissues revealed a large number of genes that

were differentially expressed in the tissues surveyed. There

were 1810 (13.6%) genes that showed differential expression

between at least two tissues ( p < 0.05) after Bonferroni

correction (based on 13,122 tests) to account for multiple

testing [20]. Without Bonferroni correction, there were 4406

(34%) genes that showed differential expression at p < 0.001

(estimated false discovery rate (FDR) = 0.00032) and 8200

(62%) genes at p < 0.05, estimated FDR = 0.082 (Supplemen-

tary Table 2). Genes expressed at a very high level in one tissue

compared to all other tissues are called ‘‘tissue-selective’’ genes

[21]. The numbers of genes with tissue-selective expression

across all four tissues are listed in Table 1 for the three different

p value criteria. These results depict the genes that demonstrate

both high expression in one tissue and significantly lower

expression in the other three tissues.

To determine if these differentially expressed genes have

orthologs in other species that are already known to be tissue-

selectively expressed, we compared our data to mouse or

human expression results for a limited number of genes. The

results are shown in Supplementary Table 3 for the 60 highest

and 60 lowest expressed genes selected from a list of 857 genes

(Table 1, p < 0.0001, FDR < 0.00004). Affymetrix gene

expression data for 110 human or mouse orthologs of these 120

pig genes in our study were found in the SymAtlas database

(http://symatlas.gnf.org/SymAtlas/) [22]. Of these 110 genes,

96 (87%) had a qualitatively similar expression pattern to

either the mouse or the human (or both) orthologous genes

(Supplementary Table 3).
Table 1

Number of tissue-selective genes under different p value criteriaa

Tissue p � 0.0000038b

(FDR < 2.82 � 10– 6)

p � 0.0001

(FDR < 0.00004)

p � 0.001

(FDR < 0.0003)

Liver 135 270 405

Lung 69 153 266

Muscle 190 356 538

Small intestine 29 78 147

a If the expression level of a gene in one tissue is higher than in any other

tissues and the p value in pair-wise comparison is also significant according to

the criteria, this gene is called a tissue-selective gene for that particular tissue.
b Equivalent to Bonferroni corrected p < 0.05.
Cluster analyses of the tissue expression data

As mentioned above (Table 1), genes exhibiting tissue-

selective expression patterns were identified when the expres-

sion level of a gene in one tissue was significantly higher than

in any other tissue (Bonferroni corrected pair-wise p < 0.05).

We found that 423 genes fit these criteria; there are 29, 69,

135, and 190 genes selectively expressed in small intestine,

lung, liver, and muscle, respectively (Table 1, listed in

Supplementary Table 4). To test these groups further, the

‘‘Find classes’’ function in GeneCluster 2 was used to do a

cluster analysis using the normalized expression data for these

423 genes. The results showed four distinct clusters of

expression patterns, and the genes in each tissue cluster are

exactly the same as the results based on p value, indicating that

GeneCluster 2 analyses was correctly assigning genes to

expression classes with likely biological relevance (data not

shown). We then used the software to perform analyses of the

1810 genes differentially expressed between at least two

tissues, to determine if specific patterns of expression could

be identified among this larger and more complex group of

differentially expressed genes. The results identified 16

clusters with distinct expression patterns across these tissues

(Fig. 2; details available in Supplementary Table 5) and gene

groups with tissue-selective expression patterns (i.e., clusters 1,

3, 5, 10, 14, 16) as well as more complex patterns of interest

(i.e., clusters 2, 9, 12, 13).

Biological pathways identified by EASE

To gather biological information related to the tissue-

selective gene lists we developed above, we used the RefSeq

IDs from human orthologs of the 423 tissue-selective genes

(Supplementary Table 4) to find available gene pathway

annotations using the EASE software package [23]. The list

of tissue-selective genes for each tissue was used as input. A

number of biological pathways were identified, with signif-

icant EASE scores, for each tissue (data not shown). For

example, muscle cell differentiation, muscular dystrophy, and

muscle contraction pathways were identified from the muscle-

selective gene list. Liver-selective genes were found in bile

acid metabolism, coagulation, alcohol metabolism, and

cholesterol biosynthesis pathways, and many additional path-

ways representative of liver metabolic functions. The human

RefSeq IDs corresponding to all oligonucleotides on the array

and our tissue-selective lists are available in Supplementary

Tables 1 and 3, respectively, for readers who are interested in

using this array and EASE software to analyze these data

further.

Results of quantitative RNA analyses using real-time PCR

(Q-PCR) of selected genes for tissue survey study

We selected 12 genes (11 test genes plus the housekeeping

control gene RPL32) to use Q-PCR to confirm microarray

expression patterns. These were selected for three purposes:

(1) to validate the microarray results across tissues; (2) to
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Fig. 2. Unsupervised cluster analysis of differentially expressed genes. Bar graphs were generated by using centroid values from GeneCluster 2 analysis for each

tissue by cluster. Cluster analysis was based on 1810 differentially expressed genes after Bonferroni correction. Li, liver; Lu, lung; Mu, muscle; SI, small intestine.
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validate the expression pattern, comparing that to available

mouse experimental results; and (3) to validate the gene

specificity of the oligonucleotides within gene families by

comparing gene expression patterns for these family members
Table 2

Quantitative PCR results of 11 selected genes in four tissues

Oligonucleotide ID Gene symbol Tissue expression level (DCt*)**

Liver Lung Muscle

SS00002529 NOS2A 20.7 T 0.6a 15.8 T 0.5c 18.7 T

SS00010183 ICAM1 13.4 T 1.9ab 11.6 T 1.0b 12.7 T
SS00000872 CASP1 6.0 T 0.2b 3.7 T 0.3c 8.1 T

SS00006633 INDO 10.8 T 1.2a 4.4 T 0.4b 11.0 T

SS00004427 STAT6 10.6 T 1.9a 10.5 T 1.3a 10.5 T
SS00002396 IRF1 5.1 T 0.6b 3.7 T 0.2c 6.2 T

SS00002273 IRF2 6.7 T 0.8ab 6.2 T 0.2b 7.6 T

SS00007514 MAKP14 3.1 T 0.5c 3.9 T 0.3b 4.4 T

SS00008774 MAKP1 3.9 T 0.3ab 3.5 T 0.3b 4.2 T
SS00000832 TGFB1 11.3 T 0.5a 8.8 T 0.8b 11.3 T

SS00000662 TGFB2 7.6 T 0.7a 3.9 T 0.4b 4.8 T

* Ct is the cycle threshold, the cycle number at which amplification crosses t

means higher expression level. DCt is the target transcript Ct – RPL32 Ct, the nor

** DCt levels not connected by the same letter are significantly different at p

*** Lu, lung; SI, small intestine; Li, liver; Mu, muscle.

**** Results generally agree that lung is highest, but the lowest expression in liv
in other species. The results showed that 9 of the 11 test

genes had a statistically significant ( p < 0.05) expression

patterns that were in agreement with the microarray results

(Table 2).
Microarray results*** Agree with microarray

results?
Small intestine

0.4b 19.8 T 1.1ab Lu high Yes

0.8ab 14.9 T 0.6a Lu high Yes

0.3a 3.5 T 0.2c Lu + SI high Yes

0.8a 10.9 T 0.5a Lu high Yes

1.1a 12.2 T 0.6a Mu low No

0.4a 4.4 T 0.3bc Lu + SI high Yes

0.5a 7.0 T 0.3ab Lu > Mu Yes

0.3b 5.2 T 0.1a Li high Yes

0.1a 4.1 T 0.9a Lu > Li Yes****

0.7a 10.4 T 0.5a Mu high No

0.1b 6.9 T 0.2a Lu + Mu high Yes

he threshold set in the geometric portion of the amplification curve. Lower C t

malization of C t for target gene relative to RPL32 RNA Ct.

� 0.05 across tissues.

er in the microarray results was not confirmed by Q-PCR test.
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Discussion

Annotation of array oligonucleotides

The oligonucleotides tested in this study were designed by

Qiagen–Operon from specific TC sequences assembled at

TIGR. A Gene Ontology functional annotation assigned GO

terms to only 6244 oligonucleotides, indicating there is

limited knowledge from the current GO database to assign

function to many of the mammalian genes represented on the

array. For the oligonucleotides that were assigned molecular

function GO terms, significant numbers of genes belong to

enzyme, nucleic acid binding, structural protein, and transport

groups (Fig. 1). There are also a number of genes in the signal

transducer, apoptosis, chaperone, and immunity protein

categories. Thus, although not all of the oligonucleotides on

the array had GO terms, the available annotation indicates that

this array may be used to investigate many different biological

pathways.

Specificity of the array

Specificity is an important property of arrays, especially for

mammalian genomes with large structurally related gene

families. This can be evaluated by checking the expression

pattern of tissue-specific known genes, e.g., the expression

changes obtained from these genes should follow the pattern

observed in closely related species. In this study, we were able

to find hundreds of selectively expressed genes. For example,

genes involved in the coagulation pathway, such as plasmin-

ogen, anti-thrombin III, and fibrinogen, were selectively

expressed in liver, as expected. As well, alcohol sulfotransfer-

ase related to alcohol metabolism, apolipoprotein B for lipid

processing, acetyl-coenzyme A for bile metabolism, serum

amyloid protein P, a1-antitrypsin, and genes involved in

xenobiotic metabolism (cytochrome P450 2E1, P450 c27,

P450 mono-oxygenase, and P450 2C33) were detected

selectively in liver. Liver is the main source of complement

component proteins; complement regulator factor H, comple-

ment component C1s, and complement cytolysis inhibitor were

selectively expressed in liver. Finally, liver is the main source

of mannose-binding lectin biosynthesis. We found higher

expression of mannose-binding lectin and mannan-binding

lectin serine protease 2 in porcine liver compared to other

tissues, which is similar to the human and mouse Affymetrix

data [2,21,22,24].

Genes expressed in a muscle tissue-selective manner were

identified (Supplementary Table 2) and corresponded to other

species results from Affymetrix or cDNA array data [21,25–

27]. A number of tissue-selective genes in lung or small

intestine were expressed as anticipated, e.g., surfactant-associ-

ated proteins A and B and matrix Gla protein associated with

extracellular matrix were selectively expressed in lung; smooth

muscle a-tropomyosin and villin, a major structural component

of the brush border cytoskeleton, were found highly expressed

in small intestine. More interestingly, a number of immune-

related genes showed tissue-selective expression in lung and
small intestine, further confirming that these two organs, with

exposure to the external environment, are important in host

defense against pathogens (Supplementary Table 2).

In addition to the specific gene expression level, we also

investigated whether the tissue-selective gene lists could be

used to identify expected pathways for tissue-selective genes

using EASE software. Results showed that biological pathways

identified from these genes are quite similar to the canonical

pathways found in the corresponding human or mouse tissues.

These results demonstrate that the lists of genes created using

this profiling approach describe porcine tissue functions that

are quite similar to those in human and mouse, confirming the

validity of the array and affirming the utility of the pig as a

model for many aspects of mammalian physiology.

In addition to the genes described above, there are a number

of genes in each tissue-selective list that have not been

annotated. We created a number of clusters for those diffe-

rentially expressed genes revealed by statistical analyses (Fig.

2).With the functionally annotated ‘‘known genes’’ in the cluster

as a signature, our microarray data provide information on

coexpression between known and unannotated genes. Such

unannotated genes with coexpression data to known genes may

be new targets for further understanding the molecular basis of

the function of these organs.

Comparison of Q-PCR and microarray data

To validate further our porcine oligonucleotide chip data,

we performed Q-PCR on the same RNA samples that were

used for the microarray experiments. In total, 12 genes were

tested by Q-PCR, including RPL32, which was used as a

housekeeping control [28,29]. Similar differences in RNA

levels were identified by Q-PCR and by oligonucleotide array

analyses for 9 of the 11 test genes. For example, as predicted

by microarray results, statistically significant differences

determined by Q-PCR were seen for ICAM1 (also called

CD54) and INDO, which are highly expressed in lung, while

apoptosis-related cysteine protease CASP1 was highly

expressed in both lung and small intestine. Members from

three gene families that had differential expression among

tissues were selected. In the microarray data, MAPK1 showed

significantly higher expression in lung, while MAPK14

showed highest expression in liver; these results were all

confirmed by Q-PCR. However, significantly higher expres-

sion of TGFB1 in muscle in microarray data was not

confirmed by Q-PCR, which showed that this gene is most

highly expressed in lung. Another member from the TGF

family, TGFB2, showed high expression in both muscle and

lung, which was confirmed by Q-PCR results (Table 2). It is

worth noting that the microarray expression level of most of

the genes tested in the Q-PCR analyses was lower than the

average microarray expression level across all genes and that

the selected genes were all near the p value cutoff for

significance (only 1 gene, TGFB2, had p < 0.05 after Bon-

ferroni correction). Thus the selected genes were most likely

to test strongly the statistical validity of our results. So Q-

PCR confirmation of the microarray data for most of the
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genes selected provides strong evidence for the quality of the

data produced and the statistical model used to declare

differential expression. It is interesting to note further that 4

genes (INDO, NOS2A, TGFB1, and TGFB2) showed a diffe-

rence in expression pattern between porcine microarray and

mouse Affymetrix data [22]. Yet Q-PCR results confirmed the

porcine microarray expression pattern for 3 of these genes, pro-

viding evidence that some genes may have a ‘‘species-specific’’

expression pattern. A species-specific expression pattern for

TGFB1 in fibroblast cells was also found among human,

bonobo, and gorilla [30].

In summary, understanding gene expression patterns in the

pig is a key for using this species as a biomedical model in

research on cardiovascular and digestive diseases, cancer,

diabetes, and obesity, as well as tissue xenotransplantation

[3,4]. High-throughput gene expression studies can also

generate molecular data useful in pig breeding and genetics

to improve pork production and food quality and safety. The

present study provides evidence that this first-generation

porcine long oligonucleotide microarray is a useful resource

for both these research purposes.

Materials and methods

Porcine oligonucleotides and microarray characteristics

The set of 13,297 oligonucleotides (porcine AROS 1.0/1.0 Extension;

www.qiagen.com) represents porcine cDNAs and ESTs and was designed from

TIGR TC cDNA sequences (SsGI release 5.0, http://www.tigr.org/tigr-scripts/

tgi/T_release.cgi?species=pig). The Qiagen AROS 1.0 has 10,665 oligonucleo-

tides with human/mouse/pig known transcript hits, while the AROS 1.0

Extension has 2632 oligonucleotides with no hit but a clear 3V untranslated
region. In total, there are 13,297 pig-specific ¨70-mer oligonucleotides. All

oligonucleotides were designed within 1000 bp of an annotated 3V end, the
cross-oligonucleotide percentage identity <70%. No oligonucleotide has 20

contiguous bases in common with any other oligonucleotide. No oligonucle-

otide has repeats >8 bases or a potential hairpin stem >9 bp. Overall, >98% of

the designed oligonucleotides fulfilled these criteria.

The synthesized oligonucleotides were spotted at the University of

Minnesota microarray facility. Each oligonucleotide was spotted (¨0.5–1 nl

at 20 AM) on Corning GAPS II slides with 240-Am spacing. Oligonucleotides

were UV cross-linked to the slides after spotting. Each of the pig-specific

oligonucleotides was spotted 1 time and each control gene was spotted 16

times. The Qiagen–NRSP8 array has 48 subgrids spotted on the slide; 24

subgrids contain positive controls, and the other 24 contain negative controls.

Gene Ontology terms were annotated by Build Simplified Ontology in

GeneSpring 6.1 or self-developed Perl scripts (S. Orley et al., unpublished

data). In addition, there are 10 positive control genes and 12 negative controls

including 5 Arabidopsis genes known to have minimal cross-hybridization with

mammalian transcripts [31]. For more information, see www.qiagen.com. For

simplicity, we refer to this oligonucleotide set as the Qiagen oligonucleotide set

and the microarray produced (see below) as the Qiagen–NRSP8 array.

Tissue collection

Lung, liver, muscle (semitendinosus), and small intestine (duodenum;

approximately 5 cm from stomach) were collected from six cross-bred white

pigs (three at 15 weeks of age and three at 17 weeks of age).

Experimental design

Tissue samples from the six animals were assigned to six loops (three for

younger animals and three for older animals). One sample from each of the
four tissues from a single animal was used in each loop. The order of the

tissues in each loop was varied so that all pairs of tissues were represented

together on a slide an equal number of times. Dye balance was used

throughout so that each tissue was measured an equal number of times with

each dye. Data from 48 measurements from 24 slides were collected, with 12

measurements for each tissue.

RNA and target preparation for hybridization

Total RNA from ¨200 mg of tissue was isolated by a RNeasy Midi kit with

on-column RNase-free DNase digestion (Qiagen, Valencia, CA, USA)

according to the manufacturer’s protocol for all samples. Briefly, frozen tissues

were homogenized in liquid nitrogen using a mortar and pestle. RNA purity and

integrity were determined by UV spectroscopy at 260 and 280 nm and by

denaturing gel electrophoresis.

For generating amino-allyl–dUTP-labeled single-strand cDNA, 30 Ag
RNA from the four tissue samples was reverse transcribed for 2–3 h at 42-C
in the presence of 6 Ag random and 1 Ag oligo(dT)18 primers (Invitrogen/Life

Technologies), 1� first-strand buffer, 10 mM DTT, dNTPs (25 mM dCTP, 25

mM dGTP, 25 mM dATP, 15 mM dTTP, 10 mM aa-dUTP), and 400 units

Superscript II reverse transcriptase (Invitrogen/Life Technologies). RNA was

hydrolyzed with 1 M NaOH and then neutralized with 1 M Hepes (pH 7.0).

First-strand cDNA was precipitated, air dried, and resuspended with 4 Al 0.1
M Na2CO3 buffer (pH 9.0), mixed with either Cy3 or Cy5 NHS–ester

(Amersham Pharmacia), and incubated 1 h at room temperature. Cy3- and

Cy5-labeled cDNA was purified on QIAquick PCR purification columns

(Qiagen) according to the manufacturer’s instructions, except that QIAquick

wash buffer was replaced by phosphate buffer [31]. Eluted cDNA was

precipitated with EtOH and hybridized to the microarray at 42-C for 12–16

h in hybridization solution containing 50% formamide, 5� SSC, 0.1% SDS,

and 0.2 Ag/Al sheared salmon sperm DNA. After hybridization, microarray

slides were washed with 2� SSC, 0.1% SDS for 5 min at 42-C, 0.1� SSC

for 1 min at room temperature four times, and 0.01� SSC for 10 s at room

temperature and dried by centrifugation.

Preliminary data obtained from labeling the same liver RNA sample with

Cy3 and Cy5 and hybridization to the same slide by the above protocol showed

that very few oligonucleotides detected more than a twofold difference in

expression between two identical samples (0.38%, data not shown). This

technical replication demonstrated the reproducibility of the hybridization data.

Thus, we used this protocol in data collection for all subsequent slides.

Image processing

Slides were scanned at 10-Am resolution using a ScanArray 5000 scanner

under conditions to limit saturation to <1% and were saved as TIFF images.

The intensities of spots on each image were quantified by ImaGene 5.1

software, and data were saved as .txt files for further analyses.

Normalization of microarray data

Local background values were subtracted from signal means, and a small

constant was added to all differences to allow for log transformation of the

background-corrected signals. Following log transformation, LOWESS nor-

malization [32] was applied to remove intensity-dependent dye bias from each

slide. The resulting values were adjusted so that the median normalized signal

for each gene would be constant across all slide and dye combinations.

Transcriptome and differential gene expression analyses

For transcriptome analyses in the four tissues, gene-specific mixed linear

model analyses were used to identify genes that had signal intensity

significantly higher than 3 times the signal median of five Arabidopsis

genes spotted on the array as negative controls. Each Arabidopsis gene was

spotted on the array either 12 or 16 times. These replicated spots were

summarized for each slide, dye, and negative control gene by computing the

median of the normalized signal intensities. For each slide and dye

combination, the median of these five medians was used as a baseline

 http:www.qiagen.com 
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measure of normalized signal intensity for genes not expressed in our

samples. These baseline values were subtracted from the normalized signal

intensities of each pig oligonucleotide on the array. A separate mixed linear

model was fit to these differences for each pig oligonucleotide. The mixed

linear model included fixed effects for tissue, age, and tissue-by-age

interaction as well as random effects for slide, animal, and animal-by-tissue

interaction. Means were estimated for each tissue, and a t test was conducted

as part of each mixed linear model analysis to determine whether each

estimated mean was greater than log 3. Estimated means significantly greater

than log 3 using the normalized data correspond to estimated fold increases

greater than 3 on the original scale. A p value was obtained for each pig

oligonucleotide and tissue. The set of p values for each tissue was converted

to a set of q values using the algorithm proposed by Storey and Tibshirani

[33]. To control FDR, genes with q values less than or equal to 0.01 for a

given tissue were considered to be expressed in that tissue.

To identify genes differentially expressed across tissues, the same mixed

linear model described above was fit to the normalized signal intensities for each

gene. Genes with expression significantly higher in one tissue than in each of the

others are referred to here as tissue-selective genes. To identify such genes, pair-

wise comparisons of normalized signal intensities between tissues were

conducted as part of our mixed model analyses for each gene. To control

FDR, q values were calculated [33] separately for each pair-wise comparison.

Microarray results from this study were submitted to the NCBI GEO database

(Accession Nos.: platform GPL1881, samples GSM43151–GSM43174, series

GSE2335).

Cluster analyses

An unsupervised learning procedure in ‘‘Find classes’’ in Gene Cluster 2

[34] was used to do the cluster analyses based on the normalized expression

levels (log values) for significantly differentially expressed genes.

Pathway identification by EASE

EASE software was downloaded from http://david.niaid.nih.gov/david/

ease.htm. We obtained the related pathway information by querying EASE

using the human RefSeq IDs for known porcine orthologs that have a tissue-

selective pattern of expression. The list of genes for each tissue was used

separately to generate four different outputs.

Q-PCR

The purity and integrity of RNA purified as above were confirmed using

the Agilent Bioanalyzer 2100 and RNA 6000 Labchip kit (Agilent Technol-

ogies, Palo Alto, CA, USA), and synthesis of cDNA was performed using

Superscript reverse transcriptase (Invitrogen) and oligo(dT) with 5–10 Ag RNA
[30,35]. The same liver, lung, muscle, and small intestine RNA samples from

four animals in the microarray study were used in Q-PCR. All samples in Q-

PCR were measured in duplicate. Using the Stratagene Brilliant kit (La Jolla,

CA, USA), Q-PCR was performed on 100 ng RNA equivalents at 25 Al/
reaction/well on an ABI Prism 7700 sequence detector system (Applied

Biosystems, Foster City, CA, USA). Amplification conditions were 50-C for 2

min, 95-C for 10 min, 40 cycles of 95-C for 15 s and 60-C for 1 min, and then

4-C. All probes and primers were designed using the Primer Express (Applied

Biosystems) software and nucleotide sequences obtained from GenBank or the

TIGR porcine EST database ([28,29]; http://www.ba.ars.usda.gov/nrfl/nutri-

immun-db/nrfl_query1new.html). Gene names and abbreviations are human

gene nomenclature based on the International Society for Animal Genetics

guidelines. The relative quantitative gene expression level across tissues was

evaluated using the comparative Ct method [29]. The DCt values were

calculated by subtracting the RPL32 Ct value for each sample from the target

Ct value of that sample [35]. Liver, lung, muscle, and small intestine RNA

samples from each of four animals were measured in duplicate. The two

measures for each sample were averaged, and a linear model analysis of these

averages was conducted using JMP5.1 (Computer Associates, Cary, NC, USA).

The linear model included animal as a blocking factor and tissue as the factor of

interest.
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